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Abstract 
Structural and textural properties of corn-lentil extrudates were investigated as affected by process conditions, 
including extrusion temperature (170-230°C), feed rate (2.5-6.8 kg/h) and feed moisture content (13-19% wb). Lentil 
was used in mixtures with corn flour at a ratio of 10 to 50% (lentil/corn). Process conditions and raw material 
composition affected significantly (p<0.001) structural and textural properties of extrudates. Apparent density 
increased with feed rate, moisture content and material ratio and decreased with temperature. Expansion ratio 
decreased with moisture content, material ratio and temperature and increased with feed rate. Modulus of elasticity 
increased with feed composition and decreased with extrusion conditions. Number of peaks during compression 
decreased with extrusion temperature and feed composition. Similar behavior was also found for sensory evaluated 
structural and textural characteristics. The examination of macrostructure confirmed the effects of extrusion 
conditions and feed composition on structural and textural properties. The properties correlation revealed critical 
relationships among instrumental and sensorial characteristics. Hence, simple power model equations were 
developed, which enable their prediction and consequently the design of extruded snacks with acceptable quality 
characteristics. 
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1.Introduction 
Grain legumes are important sources of food proteins and dietary fibers, as well as, basic constituents 
of the Mediterranean diet. Mediterranean diet has proven to be beneficial in human health [1]. Thermal 
treatment of legumes and cereals is used for the improvement of their nutritive, hygienic, physico-
chemical and other characteristics. It improves the nutritive value of some nutrients, enhances sensory 
characteristics, ensures the microbiological correctness of the product and lowers the concentrations of the 
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present thermolabile antinutrients. Twin screw extrusion cooking has proven to be beneficial in the 
development of many new food products.  
Extrusion cooking technology is a versatile and efficient method for the production of direct expanded 
snacks. Product quality can vary considerably depending on the extrusion processing, such as extruder 
type, screw configuration, feed moisture, temperature profile in the barrel sections, screw speed, and feed 
rate. Extruded products are popular for their unique structure and crispy texture. These products exhibit a 
classical brittle failure mechanism as a consequence of their cellularity and lack of structural resiliency 
[2]. Their acceptability by consumers depends on both structural and textural characteristics [3]. Extrusion 
conditions and feed composition affect structural and textural characteristics of extruded snacks. The 
extrusion behavior of protein-starch systems has been reported previously [4], but there is still a lack of 
knowledge of extrudate properties using legume and legume-cereal blends, and especially products 
obtained from the whole legume grains. 
The purpose of this study was to investigate the influence of extrusion conditions, along with raw 
material composition, on textural (modulus of elasticity and number of peaks during compression), 
structural (apparent density and expansion ratio) and sensory characteristics of the extruded corn-lentil 
mixtures. The instrumental and sensory attributes were correlated and variations among extruded snacks, 
produced under various conditions, were investigated. Simple empirical models were developed for the 
prediction of the instrumental properties as a function of process conditions and feed composition. (10 pt) 
Here introduce the paper, and put a nomenclature if necessary, in a box with the same font size as the rest 
of the paper. The paragraphs continue from here and are only separated by headings, subheadings, images 
and formulae.  The section headings are arranged by numbers, bold and 10 pt. Here follows further 
instructions for authors. 
2.Materials and Methods 
2.1.Sample preparation and extrusion cooking 
Lentil/corn flour mixtures (ratios of 0, 10, 30, and 50%) were used, while their moisture content was 
adjusted (13, 16, and 19% wet basis) by spraying predefined amounts of water and mixing thoroughly for 
15 min. Sample moisture content was determined in an oven at 75°C under a vacuum of 50 mm Hg to 
constant weight. Corrections in moisture were done in cases of deviation from the preset values. 
A co-rotating twin screw extruder (Prism Eurolab, model KX-16HC, Staffordshire, UK) was used. The 
screw geometry was: length 40 cm, diameter 16 mm, maximum rotation speed 500 rpm, and die diameter 
3 mm. The material was fed into the extruder using a volumetric feeder. The screw speed was set at 200 
rpm, while the extrusion conditions are shown on Table 1. Steady-state conditions were reached after 20 
min, after which samples were collected, air-dried, and stored in appropriate laminated bags for further 
properties measurements. 
Table 1. Extrusion processing conditions. 
 C (lentil/corn %) Feed Moisture (wb %) Temperature (°C) Feed rate (kg/h) 
Values 0 10 30 50 13 16 19 170 200 230 2.52 4.68 6.84 
Coding 0 1 3 5 1 2 3 1 2 3 S M L 
Coding example: 1st letter C: corn extrudate, L: corn lentil extrudate 
C012S: corn extrudate with 13% feed moisture content, processed at 200°C and 2.52 kg/h. 
L321M: corn-lentil extrudate with 30% lentil/corn ratio and 16% feed moisture content, processed at 170°C and 4.68 kg/h. 
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2.2.Structural properties 
The apparent density was determined by measuring the actual dimensions of the extrudates. The 
diameter of extrudates was measured with a Vernier caliper. Expansion ratio was calculated by the 
diameters’ ratio of extrudate over die. The results were the average of 10 replicate measurements. 
2.3.Textural properties 
The compression tests were performed at room temperature (25°C) using a Zwick Universal Testing 
Machine (Zwick, model 1120, Ulm, Germany). The samples were compressed between two parallel 
plates of 10 cm diameter each, at a crosshead speed of 5 mm/min, with a 100 N load cell. Force and 
deformation were recorded and the resulting stress-strain compression curves were constructed and used 
for the evaluation of textural parameters. The results were reported as the average of 15 replicate 
measurements. 
Fracture of cellular brittle materials during compression test occurs in several small stages resulting in 
a jagged force-deformation signature. The jaggedness of the compressive curves was quantified using the 
number of peaks during compression - N. The latter was calculated as the number of positive peaks (local 
maxima) within the jagged region of the compressive curve. 
2.4.SEM 
Cross sections of the samples were cut with a blade. The approximate thickness of each sample was 1-
2 mm. Samples were mounted on cylindrical specimen holders with silver conducting paint and coated 
with carbon in a vacuum sputter. Extrudates cellular structure was examined with a scanning electron 
microscope (JEOL, model JSM-5310, JEOL Ltd., Japan) using accelerating voltage of 15 kV. 
2.5.Sensory Evaluation 
A ten-member trained panel participated in descriptive analysis of extrudates’ diameter and texture. 
All panellists had experience in accessing snack foods. The laboratory was equipped with individual 
partitioned booths. Drinking water was provided to clean and rinse the mouth between samples. Samples 
were placed on white plates and were coded with random three-digit numbers. The evaluated attributes 
included diameter, crunchiness, crispness, hardness, cohesiveness and melting. 
2.6.Mathematical Modelling and statistical analysis 
The mathematical model used to predict instrumental properties, was a simple power model. The 
proposed equation has the form: 
, , , ,
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  (1) 
where M is the property, M0 is the property at reference conditions, T is the extrusion temperature 
( C), F is the feed rate (kg/h), X is the feed moisture content (% w.b.) and C is the lentil to corn ratio 
(%). The symbols with zero indexes indicate the respective values at reference conditions. The reference 
conditions are 200°C temperature, 4.68 kg/h feed rate, 16 % w.b. feed moisture content and material ratio 
30%. 
The influence of independent variables (extrusion conditions and feed composition) on sensory 
characteristics of extrudates was analyzed using analysis of variance and Duncan’s multiple range test to 
detect significant differences between samples. Significant differences were defined at p < 0.05. Principal 
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component analysis was implemented to investigate correlations between instrumental and sensory 
attributes and reveal possible differentiations of extrudates in terms of textural and structural 
characteristics. All analysis was performed using Statistica software (Statistica Release 7, Statsoft Inc. 
Tulsa, OK, USA). 
3.Results and Discussion 
The application of regression analysis showed that the parameters which affect apparent density and 
expansion ratio significantly (p<0.001) are ȡa0, nT,ȡ, nF,ȡ, nx,ȡ, nc,ȡ and Exp0, nT.Ǽxp, nf,Ǽxp, nx,Ǽxp, and nc,Ǽxp, 
respectively. The parameter estimates are summarized in Table 2. Apparent density increased with feed 
rate, moisture content and lentil flour to corn ratio and decreased with temperature. Expansion ratio 
increased with feed rate and decreased with temperature, moisture content and lentil to corn ratio. Figure 
1 depicts the structural properties variations of selected samples. 
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Fig. 1. Structural and textural properties as a function of process conditions and feed composition of selected extrudates. Lines 
represent the predicted values. 
Regression analysis showed that extrusion temperature and feed rate affected significantly (p<0.001) 
the elasticity modulus of extruded products (Table 2). Material ratio had less impact on stiffness, while 
feed moisture content had no significant effect. Modulus of elasticity increased with feed moisture 
content and lentil to corn ratio and decreased with extrusion temperature and feed rate. The jaggedness of 
the compressive curve for each extrudate was estimated by the number of peaks during compression. 
Regression analysis revealed that feed rate, moisture content and material ratio affected significantly 
(p<0.001) the number of peaks during compression (Table 2), while extrusion temperature had no 
significant effect (p=0.064). Extrusion temperature, feed moisture content and lentil/corn ratio decreased 
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the number of peaks during compression of the extruded snacks, while feed rate increased them. Figure 1 
depicts the variations of textural properties for selected extrudates. 
Table 2. Results of parameters estimation of instrumental properties. 
 ȡDSS (Apparent density) ([S5DWLR (expansion) ( (Elasticity modulus) 1 (number of peaks) 
0 0.146 ± 0.001 2.251 ± 0.014 1.151 ± 0.013 10.007±0.191 
p-value 0.000 0.000 0.000 0.000 
Q70 -0.537 ± 0.026 -1.086 ± 0.045 -0.122 ± 0.035 -3.029±0.054 
p-value 0.000 0,000 0.000 0.064 
Q)0 0.075 ± 0.053 0.414 ± 0.025 -0.061 ± 0.073 0.716±0.100 
p-value 0.000 0.000 0.000 0.000 
Q;0 0.741 ± 0.063 -0.282 ± 0.046 1.177 ± 0.083 -0.406±0.135 
p-value 0.000 0.000 0.201 0.000 
Q&0 -0.615 ± 0.019 0.251 ± 0.021 -0.498 ± 0.025 0.100±0.045 
p-value 0.000 0.000 0.029 0.000 
5 0.888 0.923 0.817 0.880 
 
The alternations of cellular structures of the extruded corn-lentil snacks were observed by SEM 
microphotographs. The magnification used was x35. Figure 2 shows the structure of extruded snacks with 
varying lentil concentrations. It is obvious that the addition of lentil flour enhanced the thickening of the 
cell walls of extrudates. Moreover, the number of air cells decreased, and extrudates with increased levels 
of lentil flour had fewer and larger air cells. Feed moisture content affected the cellular structure of 
extrudates in similar way as lentil flour. The increase in extrusion temperature resulted in the formation of 
more air cells and the cell walls were thinner, as can be observed in Figure 3. The temperature rise 
resulted in softer extrudate structure. The increase in feed rate during extrusion cooking of corn and corn-
lentil extrudates had the opposite effect in extrudates microstructure. 
 
 
Fig. 2. Macrostructure of corn-lentil extrudates as affected by material ratio. Samples processed at 200°C, 4.68 kg/h and 16% 
moisture content for: a. C = 0%, b. C = 10%, c. C = 30% and d. C=50%. 
 
Fig. 3. Macrostructure of corn extrudates (C=0%) as affected by extrusion temperature. Samples processed at 4.68 kg/h with X = 
16% extruded at: T: a. 170°C, b. 200°C, c. 230°C. 
a b c d
a b c
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Fig. 4. Sensory characteristics of selected corn-lentil extrudates. Coding according to Table 1. 
Extrusion conditions and feed moisture content affected significantly (p<0.001) extrudates’ sensorial 
diameter and crunchiness. Figure 4 depicts these variations. Sensorial diameter of extrudates decreased 
with temperature and and increased with feed rate. Crunchiness of corn-lentil extrudates decreased with 
extrusion temperature and feed moisture content, while feed rate increased this sensorial attribute. 
Crispness of extrudates was affected significantly (p<0.001) by extrusion temperature and material 
characteristics. Feed moisture content decreased crispness of extrudates. Hardness of the samples was 
found to be affected by feed moisture content, extrusion temperature and feed rate (p<0.001). Hardness of 
extruded corn-lentil extrudates increased with feed moisture content and feed rate. The temperature rise 
resulted to softer products. Cohesiveness of extrudates affected significantly only by feed rate (p<0.001). 
Structural and textural properties obtained instrumentally and sensory evaluations were subjected into 
principal component analysis (PCA) in order to investigate any relation between them. The first 3 PCs 
remained according to the scree test and accounted for 85.26% of the total variability. Figure 5 shows the 
biplot of the first 2 PCs, principal component 1 and principal component 2. They accounted for 74.6% of 
the total variance, with 47.2% explained by the first one. 
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Fig. 5. Principal components analysis of extrudates instrumental and sensorial properties as affected by extrusion conditions and 
material characteristics.  
Table 3. Properties correlation (
by a x  ) 
Property D E 5
Sensory Diameter = f(Exp. Ratio) 1.072 1.761 0.797 
Crunchiness = f(N) 2.215 0.419 0.697 
Crunchiness = f(Exp. Ratio) 2.112 1.227 0.689 
E = f(ȡapp) 6.030 0.851 0.688 
 
Properties correlation revealed that expansion ratio was positively correlated with sensorial diameter 
and crunchiness. Furthermore the number of peaks correlated with crunchiness of extruded products. A 
power equation was used to express sensorial properties as a function of instrumental properties. Table 3 
summarizes the regression results. Moreover, the modulus of elasticity was positively correlated with 
apparent density of corn-lentil extrudates. A dense product has more rigid structure. In general, corn and 
lentil mixtures processed at low temperature temperatures, higher values of feed moisture content and 
higher feed more rigid, having increased values of apparent density and elasticity modulus. 
4.Conclusion 
Structural and textural properties of corn–lentil extrudates were investigated and related to process 
conditions and material composition, proposing simple power models. The properties correlation revealed 
critical relationships among instrumental and sensorial characteristics. It is possible to predict sensory 
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characteristics of extrudates, which are critical for consumer acceptance, via instrumental measurements 
and using the proposed models and correlation equations. 
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